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Abstract
Background: In a rapidly changing world, it is of fundamental importance to understand processes constraining or
facilitating adaptation through microevolution. As different traits of an organism covary, genetic correlations are expected
to affect evolutionary trajectories. However, only limited empirical data are available.
Methodology/Principal Findings: We investigate the extent to which multivariate constraints affect the rate of adaptation,
focusing on four morphological traits often shown to harbour large amounts of genetic variance and considered to be
subject to limited evolutionary constraints. Our data set includes unique long-term data for seven bird species and a total of
10 populations. We estimate population-specific matrices of genetic correlations and multivariate selection coefficients to
predict evolutionary responses to selection. Using Bayesian methods that facilitate the propagation of errors in estimates,
we compare (1) the rate of adaptation based on predicted response to selection when including genetic correlations with
predictions from models where these genetic correlations were set to zero and (2) the multivariate evolvability in the
direction of current selection to the average evolvability in random directions of the phenotypic space. We show that
genetic correlations on average decrease the predicted rate of adaptation by 28%. Multivariate evolvability in the direction
of current selection was systematically lower than average evolvability in random directions of space. These significant
reductions in the rate of adaptation and reduced evolvability were due to a general nonalignment of selection and genetic
variance, notably orthogonality of directional selection with the size axis along which most (60%) of the genetic variance is
found.
Conclusions: These results suggest that genetic correlations can impose significant constraints on the evolution of avian
morphology in wild populations. This could have important impacts on evolutionary dynamics and hence population
persistence in the face of rapid environmental change.
Citation: Teplitsky C, Tarka M, Møller AP, Nakagawa S, Balbontı´n J, et al. (2014) Assessing Multivariate Constraints to Evolution across Ten Long-Term Avian
Studies. PLoS ONE 9(3): e90444. doi:10.1371/journal.pone.0090444
Editor: Paul Hohenlohe, University of Idaho, United States of America
Received October 21, 2013; Accepted January 31, 2014; Published March 7, 2014
Copyright:  2014 Teplitsky et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
Funding: This project was funded by the French ANR (grant ANR-08-JCJC-0041-01 & ANR-12-ADAP-0006), by the OSU OREME, by grants from the Swedish RC (to
BH and DH) and the Spanish MEC (CGL2009-08976) to JB, FdeL and AM. The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.
Competing Interests: The authors have declared that no competing interests exist.
* E-mail: teplitsky@mnhn.fr
Introduction
With the realisation that evolution can occur rapidly, there has
been growing interest in measuring short term microevolutionary
responses to natural selection and attempting to predict such
responses in wild populations [1]. Understanding responses to
selection is an exciting challenge, both at the fundamental level
when attempting to understand and predict evolutionary mech-
anisms and at the applied level, as in the case of management of
responses to anthropogenic changes such as global warming [2].
However, the relevance of our predictions for evolutionary
trajectories in natural settings will depend on how accurately we
can assess selective pressures and evolutionary potential.
Evolutionary potential is often estimated as heritability (h2).
However, most studies have reported a discrepancy between
predicted and observed evolutionary responses to selection when
using the breeder’s equation [3,4], where heritability is multiplied
by selection to obtain the expected evolutionary response [5]. One
of the possible explanations for this discrepancy is that the
estimates of evolutionary potential are inaccurate [6]. A major
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limitation of equating the evolutionary potential of a character
with its heritability comes from the fact that phenotypes result
from the interaction of several characters that are functionally,
developmentally and genetically linked. Approaching phenotypes
as a set of independent traits may thus give a very misleading
picture of expected phenotypic responses to selection [7,8]. Hence,
estimating evolutionary potential requires understanding and
assessing how genetic architecture, notably genetic correlations
between traits, influences responses to selection, either by
constraining or by facilitating such responses [9,10].
Technically, such an assessment implies the estimation of
genetic correlations as well as selection on correlated characters.
The G matrix, the matrix of additive genetic variances and
covariances, summarizes the genetic architecture for a set of traits.
A geometrical representation of the G matrices can help to
visualize how the information contained in the G matrices can be
interpreted in terms of evolutionary potential for a given set of
traits in a population. A spherical G matrix (with equal amount of
additive genetic variance in all directions) provides an opportunity
for the same amount of evolutionary response in all directions of
phenotypic space. An elliptical G matrix, on the other hand, is
characterized by a main axis of additive genetic variance (gmax,
Fig. 1, [11]). This axis represents the direction of highest
evolvability in the phenotypic space, hence the direction in which
an evolutionary response is facilitated [12]. If selection and gmax
are not aligned, the response to selection will be slower and
evolvability reduced. Multivariate evolutionary constraints arise
when there is little or no genetic variation in the direction of
selection i.e. if some traits are genetically negatively correlated but
submitted to similar (positive or negative) selection pressures, or if
traits are positively correlated but submitted to antagonistic
selection pressures.
Recently, Agrawal & Stinchcombe [13] reviewed the impact of
genetic correlations on the predicted rate of adaptation, gathering
results from 45 studies on various plant and animal species, but
found no general pattern: genetic correlations could either
constrain or facilitate response to selection. However, two recent
population-based studies that used the rate of adaptation metric
defined by Agrawal & Stinchcombe ([13], see Methods) found that
genetic covariances could decrease the rate of adaptation of life
history traits by as much as 50% [14,15]. Hence, although it is
difficult to generalize the impact of G on the response to selection,
recent studies show that genetic constraints to evolution can be
very strong. Presently, the scope for comparison of such metrics of
multivariate constraints is very limited. As a result, more empirical
work is needed across a range of species and traits in order to
reach general conclusions about the influence of the G matrix on
adaptation [16].
This study aims to generalize our knowledge of constraints or
facilitation on the evolution of morphological traits, and to
investigate how the interplay between selection and G matrices
leads to such constraints. Our main objective is to estimate the
Figure 1. Measures of constraints on response to selection for two traits, z1 and z2. G is represented by the ellipse, gmax is the first
eigenvector of G, b is the vector of directional selection, and Dzg is the response to selection calculated from the multivariate breeder’s equation in
the presence of genetic correlations. eb, the multivariate evolvability, is the projection of the response to selection on b. hgmax is the angle between
gmax and b. Redrawn from [12].
doi:10.1371/journal.pone.0090444.g001
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impact of genetic correlations on evolutionary trajectories using a
comparative approach based on data from long-term field studies
(.12 years) of 10 populations of seven bird species. We chose four
morphological traits (body mass, and length of tarsus, bill and
wing, i.e., traits that represent shape and body size), because we
were interested in assessing potential constraints for traits known to
harbour considerable genetic variation e.g. [5,17,18]. First, we
evaluate how G affects the predicted relative rate of adaptation,
RA [13] for these morphological characters. The rate of
adaptation is the expected fitness gain due to an evolutionary
response to current selection. The relative rate of adaptation (RA)
is obtained by comparing the rate of adaptation under models
using observed G versus models with genetic correlations fixed to
zero. Second, we seek to understand the origin of such patterns (1)
by comparing the multivariate evolvability in the direction of the
estimated directional selection (eb, which corresponds to the
amount of predicted evolutionary response in the exact direction
of current directional selection, b) versus the average evolvability
in random directions of the phenotypic space, e [12,19]; and (2) by
determining the orientation of the axis containing the highest
percentage of additive genetic variance relative to the direction of
selection (Fig. 1, [20]). This can be done by assessing the angle
(hgmax) between gmax and the directional selection b. These
evaluations will allow the assessment of the extent to which a
predicted micro-evolutionary response is facilitated or constrained
by genetic correlations.
Methods
Ethical statement
All data came from authorized monitoring of natural popula-
tions and did not involve keeping birds in captivity. Such long-
term studies require that birds are subject to minimal disturbance,
and no manipulation was performed that would have caused
animal suffering. Furthermore, all studies complied with national
and international guidelines. All people collecting the data had
banding permits.
Species and focal traits
Investigating evolutionary processes resulting from natural
selection requires the use of data sets where phenotypes and
relatedness are collected from populations in their natural
environment. In this situation, estimating accurate G matrices
necessitates long-term datasets with multigenerational pedigrees.
We focused on four morphological traits that are most commonly
measured in adult birds: wing length, tarsus length, body mass and
bill length. Populations were hence selected based on the
availability of a pedigree and the minimum number of morpho-
logical traits needed. We gathered 10 data sets representing seven
bird species from three continents (Table 1): red-billed gull
(Chroicocephalus scopulinus, [21]), great reed warbler (Acrocephalus
arundinaceus, [22]), barn swallow (Hirundo rustica, two populations,
[23]), blue tit (Cyanistes caeruleus, three populations, [24]), collared
flycatcher (Ficedula albicollis, [25]), Savannah sparrow (Passerculus
sandwichensis, [26]) and house sparrow (Passer domesticus, [27]).
Wing length is a trait connected to flight performance and is
especially important in migratory species [28] such as those
included in this study (collared flycatcher, barn swallow, great reed
warbler, Savannah sparrow). Tarsus length is a good approxima-
tion for overall structural size in birds, because it is a skeletal
measurement [29]. Body mass is also a general size measure, but
more condition-dependent than tarsus length. Balbontı´n et al. [30]
showed that body mass reflects condition, and that as such it
provides a measure of changing condition among age classes and
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generations. Bill length is associated with many characters,
including foraging and song performance [31,32]. All of these
traits have been shown to be heritable in several bird species [33–
37].
Estimation of the additive genetic (co)variance matrix
We estimated the G matrix in each population by using
multivariate animal models [38,39]. Random effects included
additive genetic effects (VA) and permanent environmental effects
to account for repeated measurements of the same individual (VPE)
as well as a year effect (Vyear). The analyses excluded measure-
ments on offspring of the year. Age was included as a continuous
variable (linear + quadratic) to account for aging effects on trait
size. Tarsus length can change because of swelling or reduction of
cartilage, wing feathers re-grow annually and are affected by aging
and wear, beak length may become worn depending on diet, and
body mass can be affected by age, e.g., because of decreased
feeding performance. As we wanted to avoid losing power by
removing individuals of unknown age (portion given in Table 1),
we used mean substitution for individuals of unknown age: age was
mean-centred and those individuals were assigned an age of zero.
Because of power issues and technical complexity, males and
females were not analysed separately so models contained sex as a
fixed effect. When available and significant, we included a
polynomial date effect (degree 2 or 3, according to significance)
to control for mass and bill length variation during the breeding
season. This affected the residual (co) variances, but not estimates
of G. To avoid traits with larger means (Table 2) exerting a
disproportionate effect on general patterns, we standardised traits
prior to analysis. Because scaling to phenotypic variance (which
can vary independently of additive genetic variance) can lead to
problems of interpretation [40], we used standardization to the
trait’s overall mean [12,40].
A simple description of the multivariate animal model for one
population is as follows:
Y~mzXbzZaazZpepezZyryrze ð1Þ
where Y is the vector of standardised phenotypic observations for
all individuals, m is a vector of mean phenotypes, b is the vector of
fixed effects to be fitted (age, sex and date), and X is the design
matrix relating phenotypic observations to the vector of fixed
effects. Fixed effects were individually chosen for each population
based on significance levels in a preliminary analysis (Table S1).
For the random effects, a is the vector of additive genetic values,
pe the vector of permanent environment effects, and yr the vector
of year of measurement effect, with Za, Zpe and Zyr their respective
design matrices. All random effects are assumed to be normally
distributed, and elements of a are assumed to be drawn from
a~N 0,G6Að Þ where G is the additive genetic variance-covariance
matrix and A the relatedness matrix derived from the pedigree.
All pedigrees were pruned using the R package ‘‘pedantics’’ [41]
so they contained only informative individuals [41]. Details for
each population are given in Table 1 and Fig. S1.
Estimating selection
To assess selection coefficients in each population, we used the
classic approach by Lande & Arnold [42]. Directional selection
gradients (b) were estimated by regressing relative fitness against
morphological traits. Similarly, non-linear selection (c matrix)
gradients were estimated using quadratic regressions, including
cross products between traits, representing correlational selection T
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gradients. Quadratic coefficients from the regression were doubled
so that they became analogous to selection coefficients [43].
Annual contribution to total individual fitness was estimated by
yearly reproductive success (the number of fledged offspring).
Morphological traits were first standardised by their means and
then corrected for the same significant fixed effects as used in the
animal models (i.e., effects of the fixed factors were subtracted
from the actual measurement values), prior to selection analysis to
obtain selection estimates consistent with the G matrices [12].
Each variable (fitness and morphological traits) was standard-
ized within year, i.e. fitness was divided by annual population
average success and we subtracted the mean annual phenotypic
value from the overall mean standardized morphological variables.
Estimating Constraints on and Facilitations of Responses
to Current Selection
We estimated how genetic correlations could affect both
evolutionary trajectories and relative rate of adaptation in each
population. First, we estimated the impact of genetic correlations
on the predicted rate of adaptation in order to assess constraints on
or facilitation of a response to the current selection acting in the
populations, using the metric RA defined by Agrawal &
Stinchcombe [13]. This metric is the ratio between the predicted
change in fitness given the predicted evolutionary change in mean
phenotype per generation, in the presence of genetic correlations
relative to what it would have been without these correlations. It is
defined as:
RA~
DWg(z)
DWo(z)
, ð2Þ
with
DW (z)~DzTbz
1
2
DzTcDz , ð3Þ
where DW (z) is the rate of adaptation (predicted change in fitness
based on the predicted change of the mean phenotype of the
population), Dz the predicted change in average phenotype in the
population calculated using the breeder’s equation Dz~Gb, b the
vector of directional selection gradients, and c the matrix of non-
linear selection. In equation (2), DWg is the rate of adaptation
taking into account genetic correlations, while DWo is the rate of
adaptation when all the covariances between traits are set to 0.
The ratio RA is then compared to 1, with a ratio larger than 1
implying higher rate of adaptation in the presence of genetic
correlations (facilitation), while a ratio lower than 1 implies that
genetic correlations slow down adaptation (constraint, [13]). To
estimate the overall means across populations (equivalent to a
meta-analytic mean) for relative rate of adaptation RA, a ratio, we
used the geometric mean: the overall mean was estimated for each
iteration when estimating RA for each population, so that a
confidence interval could be built.
Evolvabilities
We also estimated multivariate evolvability and average
evolvability [12]. Multivariate evolvability is the amount of
predicted evolutionary response occurring in the exact direction
of selection (eb, Fig. 1). It is estimated as
T
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eb~
bTGb
bk k2 ð4Þ
Average evolvability over random selection gradients [12]
represents the evolutionary potential associated with the G matrix
if averaged across all possible directions in the phenotypic space. It
is defined as
e~E lð Þ ð5Þ
where ls are the eigenvalues of G. Average evolvability thus does
not depend on genetic correlations [12]. Note that our definitions
of multivariate evolvabilities follow Hansen and Houle [12].
Evolvability can be defined as a univariate (variance scaled to the
mean) or a multivariate estimate. Following [12,40], we use ‘‘IA-
evolvability’’ for univariate estimates of additive genetic variance
scaled to the mean and ‘‘e’’ for multivariate estimates of
evolvability.
Angle between directional selection and gmax
gmax is the first eigenvector of G and the amount of additive
genetic variance it contains is the eigenvalue of this vector. The
sum of all eigenvalues of G represents the total additive genetic
variance. Hence, the proportion of genetic variance along gmax
was estimated for each population by the ratio between the first
eigenvalue of G and the sum of the four eigenvalues. This gives an
assessment of the evenness of the distribution of the genetic
variance in the different dimensions of G.
The angle between gmax and the direction of selection (b, Fig. 1)
estimates how close selection is from the axis that is the direction of
least resistance. If selection and gmax are aligned, the response to
selection will be maximal while it will be constrained with
increasing angles (with maximum constrain at 90u). The angle
between gmax and b was calculated using:
cos hgmax
 
~
gmax
:bT
bk k gmaxk k
ð6Þ
The angle between gmax and b cannot exceed 90u because
gmax can be considered in its two opposite directions. Hence, if an
angle larger than 90u was found, we took the complementary value
180-hgmax.
Estimation method
Both animal models and selection analyses were run using
Bayesian methods with the MCMCglmm R Package [44]. The
advantage of the Bayesian approach is that the use of posterior
distributions facilitates the propagation of errors in estimates [45].
Although uncertainty around estimates of G matrices is usually
large [8], attempts to integrate this uncertainty in the next steps
(e.g., predicted response to selection) are extremely rare [14]. One
of the goals of this analysis is to provide such estimates for each
quantity described above.
The posterior distribution was a sample of 1000 values for each
parameter. We used a total of 1,200,000 iterations for each
analysis, with a burn-in phase of 200,000 and thinning of 1000.
Priors were defined for variances and covariances. We assessed
two priors for variances and covariances for each analysis: (1) a
parameter expanded prior [46] and (2) a slightly informative prior
(V = diag(n)*Vp/r, nu = n), where Vp is the phenotypic
variance, n the number of traits and r the number of random
factors. Our results were not sensitive to the choice of prior (Fig.
S2).
In the main text, we chose to present results from the model
with slightly informative priors as it has a direct biological
interpretation: the prior specification implies that (1) the variance
is distributed evenly across the random terms and (2) traits are
independent [44]. If information is coming from the prior, as it is
built with null covariances, estimated genetic covariances would be
biased downwards, if anything, and our estimates conservative.
Results
G-matrices
IA-evolvabilities (1006 additive genetic variance of traits scaled
to the square of their mean), interpreted as the expected
percentage of trait change per generation if it were submitted to
selection as strong as on fitness itself [47], were on average 0.061%
(range 0.013%–0.178%, Tables 3, 4 and 5) across traits and
populations. Heritability estimates were on average 0.30 (range
0.05–0.60, Table S2). High IA-evolvabilities did not correspond to
high heritabilities, and overall both estimates were unrelated
Table 6. Percentage of variance along gmax and value of the first eigenvalue (6100) with 95% confidence intervals, and loading of
the four morphological traits on gmax.
Percentage of variance along gmax First eigenvalue Wing Tarsus Mass Bill
Red billed gull 63.4 (58.28, 69.46) 0.143 (0.118, 0.173) 0.24 0.415 0.839 0.257
Great reed warbler 53.66 (44.69, 64.6) 0.123 (0.082, 0.166) 0.117 0.343 0.669 0.649
Barn swallow - Badajoz 62.97 (49.32, 72.15) 0.159 (0.11, 0.23) 0.178 0.186 0.898 0.356
Barn swallow - Kraghede 63.38 (46.33, 74.2) 0.222 (0.122, 0.335) 0.251 0.309 0.916 0.054
Blue tit - Muro 64.56 (48.99, 70.71) 0.107 (0.069, 0.153) 0.185 0.388 0.752 0.499
Blue tit - Pirio 64.7 (55.52, 73.93) 0.111 (0.073, 0.143) 0.188 0.474 0.814 0.279
Blue tit - Rouvie`re 59.38 (52.12, 65.7) 0.127 (0.101, 0.16) 0.174 0.274 0.864 0.384
Collared flycatcher 59.5 (55.18, 64.45) 0.131 (0.111, 0.151) 0.154 0.304 0.919 0.2
Savannah sparrow 62.24 (49.06, 68.75) 0.163 (0.11, 0.217) 0.145 0.226 0.8 0.537
House sparrow 73.65 (60.72, 80.16) 0.256 (0.171, 0.383) 0.194 0.494 0.764 0.366
doi:10.1371/journal.pone.0090444.t006
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(R2 = 0.04). The absence of congruence between evolutionary
potential predicted from heritabilities and IA-evolvabilities is in
line with a recent review [40].
Genetic covariances between all traits were positive in all
populations (Tables 3, 4 and 5), and average genetic correlations
were 0.35 (range: 0 to 0.76). In all populations, gmax contained
more than half of the total amount of additive genetic variance
(geometric mean (95% CI): 61.3% (58, 64), Table 6) which
suggests that G matrices were classically elliptical rather than
spherical. The first eigenvalue, which represents maximal evolva-
bility if selection and gmax are aligned [12], was of the order of 0.1
to 0.2 (values6100, Table 6). All traits loaded positively on gmax
(Table 6), and body mass consistently had the highest loading on
gmax. Because the first axis of a PCA can be interpreted as a size
index, this suggests that the line of genetic least resistance (gmax) is
associated with body size.
Natural selection on morphology
Both the direction and strength of selection varied substantially
across species but also across populations. In four of the
populations (the three blue tit populations and the Kraghede
population of barn swallows), directional selection was significant
on bill length, tarsus or mass, but not on wing length (Tables 7, 8
and 9). In collared flycatchers, great reed warblers and Savannah
sparrows (Tables 7 and 9), we found significant directional
selection on two traits, and in these three cases, selection was
negative on mass and positive either on wing, tarsus or bill length,
respectively. We also found no evidence of significant nonlinear
selection. There was evidence for negative correlated selection on
tarsus and mass in blue tits (Pirio) and barn swallows (Kraghede)
and on tarsus and wing in barn swallows (Badajoz). Finally, there
was significant positive correlated selection on bill length and wing
in blue tits (Pirio), and wing length and mass in house sparrow. No
significant selection was found in red-billed gulls.
Constraints on predicted responses to current selection
The predicted rate of adaptation was significantly lower in the
presence than in the absence of genetic correlations (i.e., 95% of
RA values from the posterior distribution lower than 1) in four of
the 10 populations (Table 10, Fig. 2): great reed warblers, blue tits
in Pirio, collared flycatchers and Savannah sparrows. On average,
RA was 72%, which means that because of genetic correlations,
the predicted fitness gain was on average 28% lower than it would
be in the absence of these correlations. Despite large confidence
intervals around the geometric mean across all populations, this
average decrease was significant (geometric mean with 95% CI:
0.72 (0.60, 0.85), Fig. 2), and no RA was larger than 1.
Evolvability in the direction of b was on average 1.7 times lower
than in random directions (mean eb 6100 (95% CI): 0.0369
(0.0291; 0.0509), mean e6100 (95% CI) : 0.0638 (0.0577; 0.0680),
Table 10, Fig. 3), implying that current selection is acting in a
direction of lower genetic variance than the average genetic
variation in the phenotypic space. Confidence intervals within
populations are much larger for eb than for e due to the
uncertainty in the b estimates which adds to the uncertainty on G
estimates. In accordance with these results on evolvability, the
vectors gmax and b were very close to orthogonal in most
populations (Table 10), so that if all genetic variance was along
gmax, no response to selection would be possible. However, other
dimensions of phenotypic space include 40% of genetic variance,
Figure 2. Relative rate of adaptation (RA) in the 10 populations. Dots represent posterior mode estimates and lines the 95% confidence
interval. The dotted black line at 0.75 represents the geometric mean of all populations while the dotted grey line at 1 shows the case of no effect of
genetic correlations. Population number refers to the numbers given in Table 1.
doi:10.1371/journal.pone.0090444.g002
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so that multivariate evolvabilities (eb, the amount of response in
the exact direction of b) were significantly different from zero
(Table 10). These results emphasise that genetic variance
remaining along dimensions other than gmax also play a major
role in determining evolvabilities.
Discussion
We report consistent evidence for multivariate constraints on
morphological evolution across 10 avian populations studied in
their natural habitat during extensive periods exceeding 12 years.
Morphological traits generally display high heritabilities and
harbour ample additive genetic variation [34,35,48–50]. There-
fore they are often believed to be only weakly constrained in terms
of evolutionary potential but see [40,51]. Here for linear
measurements (mass excluded) we found IA-evolvabilities less than
half (0.04% on average) of what was reported (0.09%) in the
review by Hansen et al. [40]. The highest IA-evolvabilities were
found for body mass, yet again for this trait, our estimates of IA-
evolvability were much lower (0.12%) than the previously reported
average of 0.94% [40]. In a univariate framework, for a trait with
an IA-evolvability of 0.04%, this means that, if selection acting on
this trait was as strong as on fitness itself, a change of 10% in the
mean of the trait would be achieved in 240 generations [40].
Moreover, using a multivariate framework, we also found
evidence of evolutionary constraints even when only four
morphological traits were considered, emphasising that equating
heritability with evolutionary potential can be misleading [40]. In
fact, here we have shown that the predicted relative rate of
adaptation (RA) was on average 72%, which means that the
predicted rate of adaptation was lowered by 28% (1- RA, range
13–58%) due to the genetic correlations considered.
Two scenarios may lead to a decreased rate of adaptation:
negative genetic correlations with similar direction of selection
pressures or positive genetic correlations in the presence of
antagonistic selection. Negative genetic correlations have gained
much interest in the study of evolutionary constraints [4]. This is
mainly because selection is often positive on life history traits so
that trade-offs should emerge as a consequence of negative genetic
correlations for these traits but see [52]. However, genetic
correlations between morphological traits generally seem to be
positive ([53], this study, review in [54]). As the sign of selection on
morphological traits is not always positive but depends on traits
and populations ([49], this study), opposing selection patterns
within the same organisms can be common and hence lead to
constraints on responses to selection. Here, this scenario is
illustrated by three populations of great reed warblers, collared
flycatchers and Savannah sparrows, where the relative rate of
adaptation was significantly lower than one. In these populations,
antagonistic selection between mass and another trait (tarsus, wing
and bill length, respectively), in the presence of positive genetic
correlations explain this result. Such opposing selection patterns
can arise because of selection for a specific function. For example,
selection on wing length can be positive or negative, depending on
whether long-distance flight or manoeuvrability are favoured e.g.
[55]. Similarly, the sign of selection on beak size in Darwin’s
finches (Geospiza fortis) depends on the abundance of different seed
types, which themselves depend on climatic events [56]. Further
studies in each population would be needed to interpret selection
patterns in terms of the function of traits, and to assess the
ecological determinants behind these patterns.
Such a reduction in the rate of adaptation reflects changes
between the predicted responses to selection of traits whether or
not genetic correlations are taken into account. In great reed
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warblers, univariate models (i.e., not taking into account genetic
correlations) predict significant responses in tarsus length and mass
to selection, but no significant response in either trait is expected in
the presence of genetic correlations (Table S3). In collared
flycatchers univariate models predict a response to selection in
both wing length and mass, but multivariate models predict a
significant response only in mass. In Savannah sparrows,
univariate models predict a response to selection in both mass
and bill length, but only bill length is predicted to respond to
selection in the presence of genetic correlations (Table S3). In
contrast, no significant antagonistic selection was found in blue tits
in Pirio, but multivariate models reveal nonetheless a disappear-
ance of the response in mass when compared to univariate models.
This is probably due to the fact that selection is significantly
negative on mass while although non-significant, it is positive on
the three other traits.
We found a consistent pattern in that the orientation of gmax
was nearly orthogonal to directional selection in all populations.
Although gmax contained on average 60% of the additive genetic
variance, the dimensions of G other than gmax still contained ca.
40% of additive genetic variance. This suggests that genetic
correlations can decrease the rate of adaptation, but do not
necessarily lead to an absolute constraint (i.e., here RA?0). It is
thus important to consider other dimensions along which additive
genetic variance is distributed, and not only gmax [19,57], as a
reduction of the rate of adaptation of 28% is lower than what
could have been expected based on the relative orientation of
selection and gmax.
In line with this argument, evolvability in the direction of
selection (eb) was on average lower than evolvability in random
directions of the phenotypic space (e), suggesting that selection
may have reduced available genetic variance. This may be a very
general pattern: depleted genetic variance in the direction of
selection has also been found in sexually selected traits [20,58,59]
and life history traits [60].This result could suggest a depletion of
additive genetic variance because of sustained directional selection
on particular trait combinations [4]. However, there is still a
debate about the stability of selection [61,62], so that a
spatiotemporal analysis of selection patterns in each population
would be required to assess whether sustained selection can be
responsible for the observed pattern. Evolvabilities from this study
(either eb or e) are very low compared to estimates from Simonsen
and Stinchcombe [60] on life history traits of the ivyleaf morning
glory (Ipomoea hederacea, eb,0.002) or foraging traits of three-spined
sticklebacks (Gasterosteus aculeatus, eb,0.015 and e = 0.007, [19]).
However, results are similar to what was found by Bjo¨rklund et al
[63] in the same collared flycatcher population that we studied.
There are still very few studies reporting estimates of multivariate
evolvabilities, and it is not possible yet to interpret these differences
either in terms of traits or taxa, yet we hope that our results will
encourage further estimates in the near future.
While our estimate of a decrease in predicted rate of adaptation
(28%) is 2.5 times as large as the average decrease estimated by
Agrawal & Stinchcombe [13] in their review (11%), they also
found in 12 out of 45 studies that genetic correlations decreased
the rate of adaptation by more than 30%. The decrease in
predicted rate of adaptation from the present study is also lower
than that found by Morrissey et al. [14] in their study of life history
traits in a single island population of red deer (Cervus elaphus, 40%).
In the Spanish population (Badajoz) of barn swallows, Teplitsky et
Figure 3. Comparison of evolvabilities in the direction of selection (eb, black symbols) and average evolvabilities in random
directions of phenotypic space (e, grey symbols). Dotted lines represent the average value over the ten populations. Population number refers
to the numbers given in Table 1.
doi:10.1371/journal.pone.0090444.g003
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al. [15] found a decrease of 48% of the rate of adaptation for life
history traits whereas in the present study we found a (non-
significant) decrease of 20% for morphological traits for the same
population. Two main factors may help explain such differences
across studies. First, it is possible that morphological and life
history traits differ in the amount of genetic constraints. Second, if
selection is stable, constraints might actually be detected more
readily than facilitation in natural populations. If genetic
correlations facilitate the response to selection, populations should
adapt and be subject to less intense selection. Hence, facilitation
could be a transient state whereas constraints would represent a
more stable state. Further analysis of data, such as those gathered
in Agrawal & Stinchcombe [13], could provide valuable informa-
tion as to when facilitation is more likely to occur. For example,
does facilitation occur when organisms are subject to recent
selection pressures, or when genetic architecture changes under
new environmental conditions?
The existence of multivariate constraints can have important
implications for the potential of a micro-evolutionary response to
rapid changes in the environment such as global climate change,
because the pace of microevolution may be considerably reduced.
The prevalence of such genetic constraints may begin to explain
why so far little evidence of evolutionary adaptation to climate
change has been reported [64]. The evolutionary significance of
these constraints will also depend on the stability of the G matrix.
The discussion regarding the extent to which and the conditions
under which G is stable is still open, as some studies revealed
either surprising constancy of G (review in [65,66]) or rapid
changes [63].
Finally, our study showed significant multivariate constraints
even though only four traits were included. This represents a very
small fraction of all the traits integrated within an organism, and it
is likely that constraints would become stronger if more traits were
included [67]. As evidence is building that including more traits
dramatically affects predicted responses to selection (e.g. [68],
Table S3), and as our understanding and appreciation of
evolutionary trajectories improves, it is becoming clear that
multivariate studies should be the standard approach in evolu-
tionary biology. Of course, including all traits is unachievable, but
more comprehensive approaches based, for example, on modu-
larity and identified suites of functionally related and highly
correlated characters relatively independent of other suites of traits
[69], promise to bring significant insights.
Conclusions
Our study assesses the generality of evolutionary constraints on
morphology in birds that may arise from selection pressures such
as those due to rapid environmental change. We found
multivariate constraints on the predicted response to selection in
morphological traits. Such traits are generally thought of as having
a high evolutionary potential, which highlights the danger of
equating heritability and evolutionary potential, as this can lead to
an overestimation of the rate of adaptation. This can be especially
problematic when assessing the sustainable rate of environmental
change above which adaptation will be too slow to prevent
population extinction [70].
Supporting Information
Figure S1 Histograms of relatedness between pairs of
individuals present in the pruned pedigree for each of
the populations.
(DOC)
Figure S2 Graphical comparison of the estimates of
rate of adaptation, multivariate evolvability (eb), aver-
age evolvability (e) and angle between gmax and
directional selection using slightly informative prior
and parameter expanded prior.
(DOC)
Table S1 Significance of fixed effects in final models
after removal of non-significant effects.
(DOC)
Table S2 Estimates of heritabilities (with traits stan-
dardized to the variance) for each population.
(DOC)
Table S3 Predicted responses to selection (6100) in
multivariate and univariate frameworks, and the angle
between selection and predicted response to selection
(Angle(R, b)).
(DOC)
Acknowledgments
We thank J. Hadfield for statistical advice, R. Julliard for fruitful discussion
and M. Morrissey, Loeske Kruuk and Fabrice Eroukhmanoff for helpful
comments on a previous draft of the manuscript. We gratefully
acknowledge CC-IN2P3 for providing a significant amount of the
computing resources needed for this work. Thanks to all the people who
helped obtain field data, especially J. Schroeder for the house sparrow
project, A. Barbosa, N. Cade´e, J. Cuervo, L. Garamszegi, D. Gil, I. G.
Hermosell, F. Mateos, S. Merino, J. Moreno, C. Navarro and P. Ninni for
the barn swallow project, J. Blondel, P. Perret, M. Lambrechts and D.
Garant for the blue tit project, S. Bensch, M. A˚kesson, B. Nielsen, H.
Westerdahl, and Kvismare Bird Observatory for the great reed warbler
project, and numerous Bowdoin undergraduates on the Savannah sparrow
project.
Author Contributions
Conceived and designed the experiments: CT AC. Performed the
experiments: MT SN APM AC JB TAB CD AG BH DH LG FdL AM
JAM NW JWY. Analyzed the data: CT MT SN. Wrote the paper: CT MT
APM AC. Commented on the manuscript: CT MT APM SN JB TAB CD
AG BH DH LG FdL JAM NTW JWY AC.
References
1. Charmantier A, Garant D, Kruuk LEB (2014) Quantitative Genetics in the
Wild. Oxford: Oxford University Press.
2. Hendry AP, Lohmann LG, Conti E, Cracraft J, Crandall KA, et al. (2010)
Evolutionary Biology in Biodiversity Science, Conservation, and Policy: a Call to
Action. Evolution 64: 1517–1528.
3. Merila¨ J, Sheldon BC, Kruuk LEB (2001) Explaining stasis: microevolutionary
studies in natural populations. Genetica 112: 199–222.
4. Walsh B, Blows MW (2009) Abundant genetic variation plus strong selection =
Multivariate genetic constraints: A geometric view of adaptation. An Rev Ecol
Evol Syst 40: 41–59.
5. Falconer DS, Mackay TFC (1996) Introduction to quantitative genetics. New
York: Longman.
6. Hill WG, Caballero A (1992) Artificial selection experiments. An Rev Ecol Evol
Syst 23: 287–310.
7. Blows MW (2007) A tale of two matrices: multivariate approaches in
evolutionary biology. J Evol Biol 20: 1–8.
8. Lynch M, Walsh B (1998) Genetics and analysis of quantitative traits.
Sunderland: Sinauer.
9. Kruuk LEB, Clutton-Brock T, Pemberton JM (2014) Case study: quantitative
genetics and sexual selection of weaponry in a wild ungulate. In: Charmantier A,
Garant D and Kruuk LEB, editors. Quantitative Genetics in the Wild. Oxford:
Oxford University Press. pp. 160–176.
10. Teplitsky C, Robinson MR, Merila¨ J (2014) Evolutionary potential and
constraints in wild populations. In: Charmantier A, Garant D and Kruuk
Multivariate Constraints on Birds Evolution
PLOS ONE | www.plosone.org 14 March 2014 | Volume 9 | Issue 3 | e90444
LEB, editors. Quantitative Genetics in in the Wild. Oxford: Oxford University
Press. pp. 190–208.
11. Schluter D (1996) Adaptive radiation along genetic lines of least resistance.
Evolution 50: 1766–1774.
12. Hansen TF, Houle D (2008) Measuring and comparing evolvability and
constraint in multivariate characters. J Evol Biol 21: 1201–1219.
13. Agrawal AF, Stinchcombe JR (2009) How much do genetic covariances alter the
rate of adaptation? Proc R Soc Lond B 276: 1183–1191.
14. Morrissey MB, Walling CA, Wilson AJ, Pemberton JM, Clutton-Brock TH, et
al. (2012) Genetic analysis of life history constraint and evolution in a wild
ungulate population. Am Nat 179: E97–E114.
15. Teplitsky C, Mouawad NG, Balbontı´n J, de Lope F, Møller AP (2011)
Quantitative genetics of migration syndromes: a study of two barn swallow
populations. J Evol Biol 24: 2025–2038.
16. Eroukhmanoff F (2009) Just how much is the G-matrix actually constraining
adaptation? Evol Biol 36: 323–326.
17. Kruuk LEB, Clutton-Brock TH, Slate J, Pemberton JM, Brotherstone S, et al.
(2000) Heritability of fitness in a wild mammal population. Proc Natl Acad Sci
USA 97: 698–703.
18. Mousseau T, Roff DA (1987) Natural selection and the heritability of fitness
components. Heredity 59: 181–197.
19. Hansen TF, Voje KL (2011) Deviation from the line of least resistance does not
exclude genetic constraints: a comment on Berner et al. (2010). Evolution 65:
1821–1822.
20. Blows MW, Chenoweth SF, Hine E (2004) Orientation of the genetic variance-
covariance matrix and the fitness surface for multiple male sexually selected
traits. Am Nat 163: 329–340.
21. Mills JA, Yarrall JW, Mills DA (1996) Causes and consequences of mate fidelity
in red-billed gulls. In: Black JM, editor editors. Partnerships in Birds – the study
of monogamy. Oxford Univ. Press: Oxford. pp. 118–137.
22. Hasselquist D (1998) Polygyny in Great Reed Warblers: A long-term study of
factors contributing to male fitness. Ecology 79: 2376–2390.
23. Møller AP, de Lope F (1994) Differential costs of a secondary sexual character:
an experimental test of the handicap principle. Evolution 48: 1676–1683.
24. Blondel J, Thomas DW, Charmantier A, Perret P, Bourgault P, et al. (2006) A
thirty-year study of phenotypic and genetic variation of blue tits in
Mediterranean habitat mosaics. Bioscience 56: 661–673.
25. Alatalo RV, Gustafsson L, Lundberg A (1990) Phenotypic selection on heritable
size traits - Environmental variance and genetic response. Am Nat 135: 464–
471.
26. Wheelwright NT, Freeman-Gallant CR, Mauck RA (2006) Asymmetrical incest
avoidance in the choice of social and genetic mates. Anim Behav 71: 631–639.
27. Nakagawa S, Lee J, Woodward B, Hatchwell B, Burke T (2008) Differential
selection according to the degree of cheating in a status signal. Biol Lett 4: 667–
669.
28. Leisler B, Winkler H (2003) Morphological consequences of migration in
passerines. In: Berthold P, Gwinner E and Sonnenschein E, editors. Avian
migration. Berlin Heidelberg New York: Springer - Verlag. pp. 175–186.
29. Senar JC, Pascual J (1997) Keel and tarsus length may provide a good predictor
of avian body size. Ardea 85: 269–274.
30. Balbontı´n J, Møller AP, Hermosell IG, Marzal A, Reviriego M, et al. (2012)
Lifetime individual plasticity in body condition of a migratory bird. Biol J Linn
Soc 105: 420–434.
31. Podos J (2001) Correlated evolution of morphology and vocal signal structure in
Darwin’s finches. Nature 409: 185–188.
32. Grant PR, Grant BR (1995) Predicting microevolutionary responses to
directional selection on heritable variation. Evolution 49: 241–251.
33. A˚kesson M, Bensch S, Hasselquist D (2007) Genetic and phenotypic associations
in morphological traits: a long term study of great reed warblers Acrocephalus
arundinaceus. J Avian Biol 38: 58–72.
34. Teplitsky C, Mills JA, Yarrall JW, Merila¨ J (2009) Heritability of fitness
components in a wild bird population Evolution 63: 716–726.
35. Charmantier A, Kruuk LEB, Blondel J, Lambrechts MM (2004) Testing for
microevolution in body size in three blue tit populations. J Evol Biol 17: 732–
743.
36. Merila¨ J, Przybylo R, Sheldon BC (1999) Genetic variation and natural selection
on blue tit body condition in different environments. Genet Res 73: 165–176.
37. Merila¨ J, Kruuk LEB, Sheldon BC (2001) Natural selection on the genetical
component of variance in body condition in a wild bird population. J Evol Biol
14: 918–929.
38. Henderson CR (1973) Sire evaluation and genetic trends. J Anim Sci 1973: 10–
41.
39. Kruuk LEB (2004) Estimating genetic parameters in natural populations using
the ‘animal model’. Phil Trans R Soc Lond B 359: 873–890.
40. Hansen TF, Pelabon C, Houle D (2011) Heritability is not evolvability. Evol Biol
38: 258–277.
41. Morrissey MB, Wilson AJ (2010) PEDANTICS: an R package for pedigree-
based genetic simulation and pedigree manipulation, characterization and
viewing. Mol Ecol 10: 711–719.
42. Lande R, Arnold SJ (1983) The measurement of selection on correlated
characters. Evolution 37: 1210–1226.
43. Stinchcombe JR, Agrawal AF, Hohenlohe PA, Arnold SJ, Blows MW (2008)
Estimating nonlinear selection gradients using quadratic regression coefficients:
Double or nothing? Evolution 62: 2435–2440.
44. Hadfield JD (2010) MCMC methods for multi-response generalised linear mixed
models: The MCMCglmm R package. J Stat Softw 33: 1–22.
45. Morrissey MB, de Villemereuil P, Doligez B, Gimenez O (2014) Bayesian
approaches to the quantitative genetic analysis of natural populations. In:
Charmantier A, Garant D and Kruuk LEB, editors. Quantitative Genetics in the
Wild. Oxford: Oxford University Press. pp. 228–253.
46. Gelman A (2006) Prior distributions for variance parameters in hierarchical
models. Bayesian Analysis 1: 515–533.
47. Hansen TF, Pe´labon C, Armbruster WS, Carlson ML (2003) Evolvability and
genetic constraint in Dalechampia blossoms: components of variance and measures
of evolvability. J Evol Biol 16: 754–766.
48. McCleery RH, Pettifor RA, Armbruster P, Meyer K, Sheldon BC, et al. (2004)
Components of variance underlying fitness in a natural population of the great
tit Parus major. Am Nat 164: E62–E72.
49. Frentiu FD, Clegg SM, Blows MW, Owens IPF (2007) Large body size in an
island-dwelling bird: a microevolutionary analysis. J Evol Biol 20: 639–649.
50. Dingemanse NJ, Van der Plas F, Wright J, Reale D, Schrama M, et al. (2009)
Individual experience and evolutionary history of predation affect expression of
heritable variation in fish personality and morphology. Proc R Soc Lond B 276:
1285–1293.
51. Merila¨ J, Bjo¨rklund M (2003) Phenotypic integration as a constraint and
adaptation. In: Pigliucci M and Preston K, editors. Phenotypic integration.
Oxford: Oxford Univ. Press. pp. 107–129.
52. Charmantier A, Perrins C, McCleery RH, Sheldon BC (2006) Quantitative
genetics of age at reproduction in wild swans: support for antagonistic pleiotropy
models of senescence. Proc Natl Acad Sci USA 103: 6587–6592.
53. Kruuk LEB, Slate J, Wilson AJ (2008) New answers for old questions: The
evolutionary quantitative genetics of wild animal populations. An Rev Ecol Evol
Syst 39: 525–548.
54. Roff DA (1996) The evolution of genetic correlations: An analysis of patterns.
Evolution 50: 1392–1403.
55. Hall KSS, Ryttman H, Fransson T, Stolt BO (2004) Stabilising selection on wing
length in reed warblers Acrocephalus scirpaceus. J Avian Biol 35: 7–12.
56. Grant BR, Grant PR (2003) What Darwin’s finches can teach us about the
evolutionary origin and regulation of biodiversity. Bioscience 53: 965–975.
57. Kimmel CB, Cresko WA, Phillips PC, Ullmann B, Currey M, et al. (2012)
Independent axes of genetic variation and parallel evolutionary divergence of
opercle bone shape in threespine stickleback. Evolution 66: 419–434.
58. Hine E, Chenoweth SF, Rundle HD, Blows MW (2009) Characterizing the
evolution of genetic variance using genetic covariance tensors. Phil Trans R Soc
Lond B 364: 1567–1578.
59. Chenoweth SF, Rundle HD, Blows MW (2010) The contribution of selection
and genetic constraints to phenotypic divergence. Am Nat 175: 186–196.
60. Simonsen AK, Stinchcombe JR (2010) Quantifying evolutionary genetic
constraints in the Ivyleaf Morning Glory, Ipomoea Hederacea. International
Journal of Plant Sciences 171: 972–986.
61. Sipielski AM, DiBattista JD, Carlson SM (2009) It’s about time: the temporal
dynamics of phenotypic selection in the wild. Ecol Lett 12: 1261–1276.
62. Morrissey MB, Hadfield JD (2012) Directional selection in temporally replicated
studies is remarkably consistent. Evolution 66: 435–442.
63. Bjo¨rklund M, Husby A, Gustafsson L (2013) Rapid and unpredictable changes of
the G-matrix in a natural bird population over 25 years. J Evol Biol 26: 1–13.
64. Merila¨ J (2012) Evolution in response to climate change: In pursuit of the missing
evidence. Bioessays 34: 811–818.
65. Arnold SJ, Burger R, Hohenlohe PA, Ajie BC, Jones AG (2008) Understanding
the evolution and stability of the G-matrix. Evolution 62: 2451–2461.
66. Garant D, Hadfield JD, Kruuk LEB, Sheldon BC (2008) Stability of genetic
variance and covariance for reproductive characters in the face of climate
change in a wild bird population. Mol Ecol 17: 179–188.
67. Kirkpatrick M (2009) Patterns of quantitative genetic variation in multiple
dimensions. Genetica 136: 271–284.
68. Etterson JR (2004) Evolutionary potential of Chamaecrista fasciculata in relation to
climate change. 1. Clinal patterns of selection along an environmental gradient
in the great plains. Evolution 58: 1446–1458.
69. Wagner GP (1996) Homologues, natural kinds and the evolution of modularity.
American Zoologist 36: 36–43.
70. Chevin L-M, Lande R, Mace GM (2010) Adaptation, plasticity, and extinction
in a changing environment: towards a predictive theory. Plos Biology 8:
e1000357.
Multivariate Constraints on Birds Evolution
PLOS ONE | www.plosone.org 15 March 2014 | Volume 9 | Issue 3 | e90444
